In applications where motor inversion is forbidden, it is important to detect the initial rotor position of the motor. For this reason, based on coupling injection of high-frequency signal, a novel method of initial rotor position detection for brushless DC motors (BLDCM) is proposed in this paper. Firstly, the proposed method detects the relationship between three-phase winding inductances by injecting the high-frequency detection signal into motor windings in a coupling way, and the initial rotor position is determined into two sectors with 180 degrees electric angle difference. Then, the polarity of the permanent magnet rotor is determined by applying two opposite voltage vectors to motor windings, so that the initial rotor position is determined into a unique sector, and the positioning accuracy is 30 degrees electric angle. The proposed method significantly reduces the amplitude of the detection signal while increases its frequency by the way of coupling injection, thus reducing the response current and electromagnetic torque generated by the high-frequency signal and reducing the possibility of rotor inversion. Finally, the effectiveness of the proposed method is verified by experimental results.
I. INTRODUCTION
Because of its simple structure, reliable operation and high efficiency, BLDCM has been widely used in aerospace, rail transit, automotive electronics and household appliances [1] - [3] . Generally, a position sensor is needed to detect the rotor position of BLDCM. However, the position sensor will increase the volume and weight of motor, increase the wiring of system, and reduce the reliability of system. In addition, the position sensor is not suitable for high temperature, high pressure and other adverse conditions. Therefore, sensorless control strategies have become one of the research hotspots of BLDCM [4] - [8] . In the process of sensorless control, the determination of the initial rotor position is the basis of stable starting without reversing, and directly affects The associate editor coordinating the review of this manuscript and approving it for publication was Gaolin Wang. the maximum starting torque and the minimum starting time of the motor.
At present, the methods of initial rotor position detection are mainly based on the relationship between winding inductances and the rotor position, which can be divided into two categories. The first kind of methods use the difference of winding inductances caused by the core saturation effect to detect the initial rotor position. In [9] and [10] , six voltage vectors are sequentially applied to motor windings, and the initial rotor position is determined by comparing the magnitude of the response current. In [11] , the method uses the three-phase conduction mode and sequentially applies four voltage vectors to motor windings to detect the initial rotor position. In [12] , in order to avoid using high-precision current sensors, three voltage vectors are sequentially applied to motor windings, and the initial rotor position is detected by comparing the duration of freewheeling diodes. This method VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ can be applied to BLDCM with various rotor structures, but the difference of winding inductances caused by the saturation effect is small, which makes the detection of this method difficult.
The second kind of methods use the relationship between winding inductances and the rotor position caused by the salient pole effect to detect the initial rotor position. The process of the detection can be divided into two steps. During the first step, the initial rotor position is determined into two sectors with 180 degrees electric angle difference by detecting three-phase winding inductances. The second step is to determine the polarity of the permanent magnet rotor, so that the initial rotor position can be determined into a unique sector. In [13] , six voltage vectors are sequentially applied to motor windings, and the relationship between three-phase winding inductances is obtained by comparing the voltage of the disconnected phase, so that the initial rotor position can be determined into two sectors. In [14] , two voltage vectors are applied to motor windings to obtain the relationship between three-phase winding inductances. Then, a third voltage vector is used to determine the polarity of the permanent magnet rotor, so that the initial rotor position can be determined into a unique sector with 30 degrees electric angle. In [15] , three voltage vectors are sequentially applied to motor windings, and the relationship between three-phase winding inductances is obtained by comparing the magnitude of the response current. Then, two opposite voltage vectors are applied to motor windings to determine the polarity of the permanent magnet rotor, so that the rotor position is determined into a unique sector with 60 degrees electric angle. Although above methods can detect the initial rotor position and has been applied to some industrial applications, they generally use the inverter to produce the detection pulse. Restricted by the fixed DC-link voltage and the limited switching frequency of the inverter, the detection pulse will generate obvious response current, which will generate significant electromagnetic torque. For some motors with small moment of inertia, significant electromagnetic torque may cause motor reversal, which is not allowed for some applications.
Based on the relationship between winding inductances and the rotor position caused by the salient pole effect, a novel method of initial rotor position detection is proposed in this paper. Firstly, the proposed method detects the relationship between three-phase winding inductances by injecting the high-frequency detection signal into motor windings in a coupling way, and the initial rotor position is determined into two sectors with 180 degrees electric angle difference. Then, two opposite voltage vectors are applied to motor windings and the polarity of the permanent magnet rotor is determined by comparing the magnitude of response current. The proposed method significantly reduces the amplitude of the detection signal while increases its frequency by the way of coupling injection, thus reducing the response current and electromagnetic torque generated by the high-frequency signal and reducing the possibility of rotor inversion. 
II. RELATIONSHIP BETWEEN WINDING INDUCTANCES AND ROTOR POSITION A. VARIATION OF WINDING INDUCTANCES CAUSED BY SALIENT POLE EFFECT
For permanent magnet motors with the salient pole effect, the reluctance of the direct axis magnetic circuit is larger than that of the quadrature axis magnetic circuit, which results in that the direct axis inductance L d is smaller than the quadrature axis inductance L q , and winding inductances change periodically with the rotor position. According to the analysis of two-axis theory [16] , the expressions of three-phase winding inductances and mutual inductances are obtained as
where α is the electrical angle between the magnetic axis of phase A and the quadrature axis; L aa , L bb , L cc are self inductances of three-phase winding; M ab , M bc , M ca , M ba , M cb , M ac are mutual inductances of three-phase winding; L aa0 is inductance component caused by fundamental air gap flux; L a1 is inductance component caused by leakage flux; L g2 is the amplitude of self inductance component varying with the rotor position.
Ignoring the influence of mutual inductances between three-phase winding, the waveform of three-phase winding inductances varying with the rotor position can be obtained from equation (1) , as shown in Fig. 1 . Where θ is the electric angle of the rotor position; L a , L b , L c are three-phase winding inductances.
As shown in Fig. 1 , the waveform of three-phase winding inductances has twelve intersections in one electric cycle, and twelve intersections equally divide an electric cycle into twelve sectors with 30 degrees electric angle.
B. VARIATION OF WINDING INDUCTANCES CAUSED BY CORE SATURATION EFFECT
The total flux linkage of the motor consists of the flux linkage of the permanent magnet and the flux linkage of winding current, which can be expressed as
where λ sum is total flux linkage; λ f is the flux linkage of the permanent magnet; L is the inductance of excitation winding; i is winding current. When the current is injected into motor windings in the same or opposite direction of the flux linkage of the permanent magnet, it can be obtained as
Because of the saturation effect of stator core, the flux linkage generated by the current varies with the direction of the current. The relationship between current and flux linkage is shown in Fig. 2 . As shown in Fig. 2 , the absolute value of flux linkage generated by i + is less than that generated by i − . Therefore, the relationship of inductances is L + < L − .
III. PROPOSED METHOD OF INITIAL ROTOR POSITION DETECTION A. SECTOR DETERMINATION OF INITIAL ROTOR POSITION
In order to avoid obvious response current while detecting three-phase winding inductances, a method based on coupling injection of high-frequency detection signal is proposed in this paper. Fig. 3 shows the circuit diagram of the proposed method, where U d is the DC-link voltage; T 1 ∼ T 6 are power switches of the inverter; R a , R b , R c are resistors of three-phase winding; e a , e b , e c are back EMF of three-phase winding; N is the neutral point of the motor. In Fig. 3 , the high-frequency detection signal is a sine wave, which is produced by the sine wave generating circuit, and its frequency is 200 kHz. In order to detect three-phase winding inductances, the high-frequency detection signal is coupled to motor windings through C 1 , C 2 and C 3 .
Because back EMF is equal to zero when the motor is still, and resistances of winding can be ignored, BLDCM is equivalent as an inductive load. During the process of sector determination of the initial rotor position, the power switches of the inverter remain off. When the high-frequency detection signal is injected into the winding of phase A and B, the highfrequency detection signal is used as excitation source and phase C is the non-excitation phase. Thus, the equivalent circuit of system can be obtained from Fig. 3 , as shown in Fig. 4 .
Because the high-frequency detection signal is a sine wave, the equivalent circuit in Fig. 4 can be analyzed with the analytic method of complex frequency domain and equations can be obtained as
where i c is the current of phase C; u ab , u bc , u ca are line-toline voltages; u Na is the voltage between neutral point and phase A; u bN is the voltage between phase B and neutral point; ω is the angular frequency of the high-frequency detection signal. As shown in equation (5), when the high-frequency detection signal is injected into phase A and B, u ca and u bc have an equal phase angle and their amplitudes depend on L a and L b . Therefore, the relationship between L a and L b can be obtained by comparing the amplitude of u ca and u bc .
Similarly, when the high-frequency detection signal is respectively injected into phase B and C and phase C and A, the equivalent circuits of system are shown in Fig. 5 .
By analyzing the equivalent circuits in Fig. 5 , equations can be obtained as 
As shown in equation (6), when the high-frequency detection signal is injected into phase B and C, the relationship between L b and L c can be obtained by comparing the amplitude of u ab and u ca . As shown in equation (7), when the high-frequency detection signal is injected into phase C and A, the relationship between L c and L a can be obtained by comparing the amplitude of u bc and u ab .
In summary, the relationship between three-phase winding inductances can be obtained by sequentially injecting the high-frequency detection signal into motor windings and comparing the amplitude of line-to-line voltages. According to the relationship between winding inductances and the rotor position in Fig. 1 , the initial rotor position can be determined into two sectors with 30 degrees electric angle.
Impedance value of the inductance can be expressed as
where f is the frequency of the detection signal. According to equation (8), the impedance of the inductance is proportional to frequency. The frequency of the high-frequency detection signal designed in this paper can be significantly higher than the switching frequency of the inverter (using IGBT, the frequency is generally 5 kHz ∼ 20 kHz). When the high-frequency detection signal with frequency of 200 kHz is injected into motor windings, the impedance of winding inductances is very large, and the amplitude of the high-frequency detection signal can be much lower than the DC-link voltage, so that the response current generated by the high-frequency detection signal is very small. Therefore, the electromagnetic torque generated by the proposed method in the process of sector determination of the initial rotor position is negligible.
B. POLARITY DETERMINATION OF PERMANENT MAGNET ROTOR
Taking L a > L c > L b as an example, the rotor may locate in the sector of 0 • < θ < 30 • or 180 • < θ < 210 • . The schematic diagram of the rotor position is shown in Fig. 6 , where V x+y− is the voltage vector generated by high-side power switch of phase x and low-side power switch of phase y (x, y ∈ {a, b, c}). It is necessary to determine the polarity of the permanent magnet rotor in order to determine the initial rotor position. Like the traditional methods, the polarity of the permanent magnet rotor is determined by applying two opposite voltage vectors to motor windings by the inverter.
As shown in Fig. 6 , when the rotor locates in the sector of 0 • < θ < 30 • or 180 • < θ < 210 • , compared with the other two groups of voltage vectors V a+b− , V b+a− and V a+c− , V c+a− , the angle between the flux linkage generated by V b+c− , V c+b− and the direct axis or the reverse direction of direct axis is the smallest. Thus, the difference of magnetic saturation caused by V b+c− and V c+b− is the greatest.
Electromagnetic torque of motor can be expressed as
where T e is electromagnetic torque; p is pair of poles; i s is the current of stator; β is the angle between the flux linkage of stator and the flux linkage of the permanent magnet. As shown in equation (9), the electromagnetic torque is very small when β is close to 0 • or 180 • . Compared with the other two groups of voltage vectors in Fig. 6 , voltage vectors V b+c− and V c+b− generate the smallest electromagnetic torque.
Therefore, in order to determine the polarity of the permanent magnet rotor while reducing the electromagnetic torque generated by voltage vectors as much as possible, voltage vectors V b+c− and V c+b− are applied to motor windings.
If the rotor locates in the sector of 0 • < θ < 30 • , the direction of flux linkage generated by V b+c− is opposite to that of permanent magnet linkage, while the direction of flux linkage generated by V c+b− is the same with that of the permanent magnet linkage. From the analysis in Section 2.2, we can conclude that L bc > L cb . Where L bc is the total inductance of phase B and phase C when V b+c− is applied; L cb is the total inductance of phase B and phase C when V c+b− is applied.
When voltage vectors V b+c− and V c+b− are applied to motor windings, the waveform of response currents i cb and i bc are shown in Fig. 7 . As shown in Fig. 7 , the response speed of i cb is faster than that of i bc because of L bc > L cb . After the same time interval, it can be concluded that i bc < i cb . On the contrary, if the rotor locates in the sector of 180 • < θ < 210 • , there is i bc > i cb . Therefore, the polarity of the permanent magnet rotor can be determined by sequentially applying two opposite voltage vectors to motor windings and detecting the response current of DC bus after the same time interval.
In summary, through two steps of sector determination and polarity determination, the proposed method can ultimately determine the initial rotor position into a sector with 30 degrees electrical angle. The method for determination of the initial rotor position is summarized in Table 1 , where u * ab , u * bc , u * ca are the amplitude of line-to-line voltages.
IV. HARDWARE IMPLEMENTATION AND EXPERIMENTAL RESULTS
The hardware structure of the proposed method is shown in Fig. 8 . As shown in Fig. 8 , the hardware circuit needed for sector determination of the initial rotor position is presented in STEP I. The high-frequency detection signal with amplitude of 5V and frequency of 200 kHz is provided by a sine wave generating circuit. C 1 , C 2 and C 3 are used to inject the high-frequency detection signal into motor windings and their capacitance are 0.1µF. The resistance-capacitance network composed of capacitors C 4 , C 5 , C 6 and resistors R 1 , R 2 , R 3 is used for high pass filtering of winding voltages. The capacitances of C 4 , C 5 , C 6 are 0.01µF, and the resistances of R 1 , R 2 , R 3 are 100 . u * ab , u * bc and u * ca , the amplitude of lineto-line voltages, can be obtained by the amplitude detection circuit. By comparing the magnitude of u * ab , u * bc and u * ca which are sampled by A/D circuit, the relationship between three-phase winding inductances is obtained, and the initial rotor position is determined into two sectors with 30 degrees electric angle. As shown in Fig. 8 , the process of polarity determination of the permanent magnet rotor is presented in STEP II. In this process, the inverter which is controlled by the controller applies two opposite voltage vectors to motor windings. The current sensor is used to detect the current of DC bus and the polarity of the permanent magnet rotor is determined by comparing the response current sampled by A/D module. Finally, the initial rotor position is determined into a unique sector. During the process of STEP II, due to the existence of coupling capacitances C 1 ∼ C 3 and resistance-capacitance network, the high voltage pulse output by the inverter will not influence the sine wave generating circuit and amplitude detection circuit.
The diagram of the experimental prototype is shown in Fig. 9 . The experimental prototype uses DSP TMS320F28335 and FPGA EP1C6Q240C8 as the main controller. A DC power supply Keysight N8761A is used as the power supply of the experimental prototype. Power switches of the inverter adopt IGBT IRGPS46160D. The current of DC bus and three-phase winding are sampled by four current sensors LF510S. Table 2 lists the basic parameters of the experimental motor. The experimental results are recorded by an 8-channel digital oscilloscope DLM4058.
Firstly, two initial rotor positions are randomly selected for the experiment. Fig. 10 shows the experimental waveforms with the rotor locates at 195 degree. Fig. 10 (a) shows the experimental waveforms of STEP I, and the waveforms are line-to-line voltages and amplitude of line-to-line voltages from top to bottom. As shown in Fig. 10 (a) , when the high-frequency signal is injected into phase A and B, u * ca is larger than u * bc , thus L a > L b can be obtained. When the high-frequency signal is injected into phase B and C, u * ab is less than u * ca , thus L b < L c can be obtained. When the high-frequency signal is injected into phase C and A, u * bc is less than u * ab , thus L c < L a can be obtained. Therefore, the relationship between three-phase winding inductances is L a > L c > L b . As shown in Table 1 , the rotor may locate in the sector of 0 • < θ < 30 • or 180 • < θ < 210 • .
In order to determine the polarity of the permanent magnet rotor, voltage vectors V b+c− and V c+b− are sequentially applied to motor windings during STEP II. Figure 10 (b) shows the waveforms of line-to-line voltage between phase B and phase C and the response current of DC bus. As shown in Fig. 10 (b) , the response current of voltage vectors V b+c− and V c+b− are 46.4A and 42.5A respectively after the same time interval of 150µs which is selected according to the principle of maximizing current difference, thus i bc > i cb can be obtained. From Table 1 , the initial rotor position can be determined into the sector of 180 • < θ < 210 • . Fig. 11 shows the experimental waveforms with the rotor locates at 52 degree. As shown in Fig. 11 (a) , there are u * ca > u * bc , u * ab < u * ca and u * bc > u * ab , thus L c > L a > L b can be obtained according to Table 1 and the rotor may locate in the sector of 30 • < θ < 60 • or 210 • < θ < 240 • . In order to determine the polarity of the permanent magnet rotor, voltage vectors V a+b− and V b+a are sequentially applied to motor windings during STEP II. As shown in Fig. 11 (b) , the response currents are 51.1A and 45.1A respectively after the same time interval of 150µs, thus i ab > i ba can be obtained. From Table 1 , the initial rotor position can be determined into the sector of 30 • < θ < 60 • .
In order to verify the effectiveness of the proposed method in all initial rotor positions, the dynamometer is used to drive the experimental motor at very low speed, and the proposed method is tested in different rotor positions. Fig. 12 shows the result of rotor position detection based on the proposed method during a whole electric cycle. In Fig. 12 , ordinates 1∼12 represent twelve rotor position sectors with 30 degrees electric angle respectively; S 1 is the real sector of the rotor position obtained by a position sensor; S 2 is the sector of the rotor position obtained by the proposed method.
As shown in Fig. 12 , in the whole electric cycle, the sector obtained by the proposed method can exactly match the real sector. The method in [13] is a typical traditional method. Six voltage vectors V a+b− , V b+a− , V a+c− , V c+a− , V b+c− , V c+b− are sequentially applied to motor windings and the initial rotor position is determined by detecting the terminal voltage of motor windings. Under the same experimental conditions, the method in [13] and the proposed method are compared experimentally. Fig. 13(a) shows the waveforms of the response current and electromagnetic torque generated by the method in [13] when the rotor locates at 195 degree, where T e is calculated by equation (9) in real time and the stator current i s is obtained from the current of three-phase winding. As shown in Fig. 13 (a) , the maximum electromagnetic torques generated by six voltage vectors are −35.8N·m, 27.8N·m, −32.5N·m, 35.7N·m, −10.9N·m, 19.6N·m respectively. Therefore, when the rotor locates at 195 degree, T max1 = 35.8N·m = 55.9%T N can be obtained, where T max1 is the maximum electromagnetic torque generated by the method in [13] . Fig. 13(b) shows the waveforms of the response current and electromagnetic torque generated by the proposed method when the rotor locates at 195 degree. As shown in Fig. 13 (b) , because the frequency of the high-frequency detection signal is 200kHz and its amplitude is much smaller than the DC-link voltage, the current and electromagnetic torque are both very small and negligible during STEP I. In STEP II, V b+c− and V c+b− are applied to determine the polarity of the permanent magnet rotor and the maximum electromagnetic torques generated by V b+c− and V c+b− are -11.4N·m and 19.7N·m respectively. Therefore, when the rotor locates at 195 degree, T max2 = 19.7N·m = 30.7%T N can be obtained, where T max2 is the maximum electromagnetic torque generated by the proposed method. By contrast, we can conclude that T max2 < T max1 . Fig. 14 (a) shows the waveforms of the method in [13] when the rotor locates at 52 degree. As shown in Fig. 14 (a) , the maximum electromagnetic torques generated by six voltage vectors are 6.3N·m, −9.9N·m, 32.1N·m, −36.9N·m, 36.8N·m, −29.3 N·m respectively. Therefore, when the rotor locates at 52 degree, we can conclude that T max1 = 36.9N·m = 57.6%T N . Fig. 14 (b) shows the waveforms of the proposed method when the rotor locates at 52 degree. As shown in Fig. 14 (b) , the current and electromagnetic torque are both very small and negligible during STEP I. In STEP II, V a+b− and V b+a− are applied to determine the polarity of the permanent magnet rotor and the maximum electromagnetic torques generated by V a+b− and V b+a− are 6.4N·m and −10.1N·m respectively. Therefore, when the rotor locates at 52 degree, T max2 = 10.1N·m = 15.7%T N can be obtained. By contrast, we can conclude that T max2 < T max1 .
When the rotor locates at different initial positions, the experimental results of the maximum electromagnetic torque generated by the method in [13] and the proposed method are shown in Fig. 15 . As shown in Fig. 15 , when the rotor locates at different positions of the whole electric cycle, the maximum electromagnetic torques generated by the proposed method are all less than the method in [13] . Therefore, the proposed method can effectively reduce the electromagnetic torque generated in the process of initial rotor position detection, thereby reducing the possibility of rotor inversion.
V. CONCLUSION
In this paper, the relationship between winding inductances and the rotor position of BLDCM is analyzed in detail, and a novel method of initial rotor position detection based on high-frequency signal coupling injection is proposed. The initial rotor position can be determined into a sector with 30 degrees electric angle. The proposed method overcomes the limitations of fixed DC-link voltage and limited switching frequency of the inverter by the way of coupling injection, and significantly reduces the amplitude of the detection signal while increases its frequency. Experimental results show that, compared with traditional methods, the method proposed in this paper can accurately detect the initial rotor position and effectively reduce the electromagnetic torque, thus reducing the possibility of rotor inversion in the process of initial position detection. He is currently a Lecturer with the School of Electrical Engineering and Automation, Tianjin Polytechnic University, China. His research interests include motor drives and multilevel converters and their control. VOLUME 7, 2019 
